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[57] ABSTRACT

An LCLYV is formed with a sapphire substrate base, a
highly doped, thin silicon epitaxial layer forming an
ohmic back contact on a smooth surface of the sapphire
substrate, and a lightly doped, high resistivity silicon
epitaxial layer in the range of about 20-60 microns thick
on the back contact. The use of a sapphire substrate
provides a better surface quality and higher resolution
than previously available with the semiconductor sub-
strates. Lattice defects in the thin back contact are re-
duced by the formation of a buried amorphous layer
adjacent the sapphire substrate, and subsequent recrys-
tallization thereof using the unamorphized portions of
the back contact as recrystallization seeds. The applica-
tion of the invention to both MOS and Schottky diode
LCLVs is discussed.

21 Claims, 2 Drawing Sheets
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SILICON-ON-SAPPHIRE LIQUID CRYSTAL
LIGHT VALVE AND METHOD

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to liquid crystal light valves
(LCLVs), and more particularly to a high resolution
LCLYV and a method for fabricating the same.

2. Description of the Related Art |

LCLVs operate by converting an input image to an
output image in which the wavelength, intensity and/or
coherence of the original input image are varied. Appli-
cations for this type of device include image amplifiers,
optical data processing, wavelength converters and
incoherent-to-coherent image converters. The basic
principles of an alternating current LCLV are described
in U.S. Pat. No. 3,824,002 issued to Terry D. Beard,
“Alternating Current Liquid Crystal Light Valve”.
Overviews of silicon-based LCLVs are provided in
Efron et al., “The Silicon Liquid-Crystal Light Valve”,
Journal of Applied Physics, Vol. 57, No. 4, Feb. 15, 1935,
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pages 1356-1368, and Efron et al., “The Applications of

Silicon Liquid Crystal Light Valves to Optical Data
Processing”, Proceedings of SPIE - The International
Society for Optical Engineering, Vol. 388, Jan. 20-21,
1983, pages 152-161.

A thin, single crystal silicon wafer, generally about
125 microns thick, has previously been used as a sub-
strate in silicon-L.CLVs. It is important that the surface
of the wafer be flat for good optical quality, and further
that a silicon electrode employed in the device by very
thin (on the order of a few microns) to achieve high
resolution. Unfortunately, the thin semiconductor wa-
fers which it has been necessary to use have only a
limited polishing capability, which results in a relatively
poor surface quality. Wafer distortion due to high tem-
perature processing, and a limited correction capability
while mounting the wafer add to the problems of sur-
face quality. The non-uniformity of the wafer surface 1s
transferred to a liquid crystal layer which is mounted
against the wafer, and limits the use of the device for
optical processing and adaptive optics applications.

Departing from the field of LCLVs, a technique has
been developed in the field of microelectronics in which
a silicon film is epitaxially grown on a sapphire base.
Called silicon-on-sapphire (SOS), in this technique the
insulating sapphire base results in the effective elimina-
tion of cross-talk between circuit elements formed from
the overlying semiconductor. Although there are differ-
ences in the lattice structures of silicon and sapphire, it
has been discovered that a silicon film can be epitaxially
grown from the sapphire base. In addition to the isola-
tion provided between circuit elements, this approach
also allows for high temperature processing. An im-
provement on the process which provides a higher
quality epitaxial growth by significantly reducing the
concentration of lattice defects near the sapphire sub-
strate is disclosed in U.S. Pat. No. 4,509,990 to Vasudev,
and assigned to Hughes Aircraft Company, the assignee
of this invention. In the Vasudev process an amorphous
buried layer is formed in the semiconductor near the
insulator substrate by implanting an ion species into the
semiconductor. The amorphous buried layer is then
re-grown “from the top down” using the unamorphized
portion further away from the sapphire substrate as a
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form, high quality crystal structure throughout the

semiconductor layer.
In addition to microelectronic circuits, the SOS tech-

‘nique is suggested for a liquid crystal photodiode in

U.S. Pat. No. 4,198,647 to Grinberg et al., issued Apr.
15, 1980 and assigned to Hughes Aircraft Company. In
this patent a junction is formed between a thin layer of
p-doped silicon and a much thicker layer of n-doped
silicon. The n-doped layer is described as being 5 mils
thick, and there is no teaching of how the n-type layer
is formed over the thin p-type layer. A suggestion is
made for the use of a sapphire substrate, without elabo-
ration as to how it might be implemented, in column 2,
lines 5461 as follows: “Although in one embodiment of
this invention a silicon wafer film is used for the semi-
conductor body, other semiconductor material can also
be used for the transfer medium. In addition, the silicon
(or other semiconductor) body can be fabricated on an
insulating substrate such as sapphire. For example, large
area silicon diodes can be built epitaxially on a sapphire
layer.” Furthermore, the SOS technology at that {ime
was not capable of yielding high resistivity, high unifor-
mity silicon epitaxial layers with the thickness required
for Si-LCLYV applications.

Despite this activity, no way has yet been found of
implementing a LCLV with the desired degree of flat-
ness and high quality thin film silicon.

SUMMARY OF THE INVENTION

In view of the above problems with the related art,
this invention seeks to provide an LCLV with a higher
degree of flatness and optical quality than has previ-
ously been attained. In addition, it is desirable that the
new fabrication technique be adaptable to both metal-
oxide-semiconductor (MOS) and Schottky diode
LCLVs. |

These improvements are achieved in the present in-
vention by forming an LCLV with a sapphire substrate

- which receives input radiation on one side, and has a
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recrystallization seed. This provides a substantially uni-

smooth surface on its other side facing the readout area
of the device. A thin silicon layer less than about 1
micron thick, and preferably in the range of about
0.2-0.5 microns, is epitaxially grown on the smooth
sapphire surface. The silicon layer i1s highly doped to
render it conductive, so that it functions as an ohmic
back contact for the device.

A much thicker silicon layer is then epitaxially grown
on the back contact layer, to a thickness of about 20-60
microns. This thicker layer is lightly doped to the same
polarity as the back contact layer, so that it exhibits a
high resistivity. | |

The high resistivity layer is followed in turn by a
mirror means for reflecting readout light, a liquid crys-
tal layer on the readout side of the mirror means, and a
transparent conductive counterelectrode on the other
side of the liquid crystal. The LCLV thus formed oper-
ates in response to an applied voltage across the back
contact and counterelectrode to transduce spatial opti-
cal input patterns at the sapphire substrate to a corre-
sponding spatial voltage pattern which modulates the
liquid crystal.

The LCLV can be adapted for either MOS or
Schottky diode applications. For an MOS device, the
mirror means comprises a dielectric mirror and an insu-
lating oxide layer between the dielectric mirror and the
silicon high resistivity layer. For a Schottky diode de-
vice, the mirror means comprises a metal matrix mirror
having a matrix of metallic material which extends
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through an insulative layer and establishes a Schottky
contact with the high resistivity layer. This embodiment
may also include a dielectric mirror on the readout side
of the metal matrix mirror to block readout light from
entering the high resistivity silicon.

The thin epitaxial layer is preferably formed m a
manner similar to that described in U.S. Pat. No.
4,509,990 for microelectronic devices. After epitaxially
growing the thin silicon layer, it is implanted with an
ion species at an implant energy and dosage sufficient to
amorphize a buried layer within the silicon. The amor-
phous buried layer is then regrown to recrystallized
form, using the unamorphized portions of the silicon
layer as recrystallization seeds.

In addition to an improved surface and crystal quality
that enables a practical application of the device to
optical data processing and adaptive optics, the poten-
tially simpler processing involved may also benefit the
cost and yield of silicon-LCLYV devices used for display

applications.

Further features and advantages of the invention will

be apparent to those skilled in the art from the following
detailed description of preferred embodiments, taken
together with the accompanying drawings, in which:

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view, not to scale, of an LCLV
constructed in accordance with the invention;

FIG. 2 is a sectional view, not to scale, illustrating the
formation of an amorphous buried layer in the thin
silicon film as part of the process of obtaining a higher
quality silicon; |

FIG. 3 is a sectional view, not o scale, of a Schottky
diode implementation of the invention; and

FIG. 4 is a plan view of a portion of the metal matrix
mirror used in the Schottky diode embodiment of FIG.
3.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

A sectional view of an MOS version of a LCLV
constructed in accordance with the invention is shown
in FIG. 1. This device is generally similar to that illus-
trated in the articles by Efron et al., “The Applications
of Silicon Liquid Crystal Light Valves to Optical Data
Processing” and “The Silicon Liquid-Crystal Light
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Valve”, referred to above. It includes a thin p+ silicon

back contact 2 which functions as an electrode, and a
lightly doped high resistivity p— silicon layer 4 which is
formed adjacent the back contact. Back contact 2 is
only a few tenths of a micron thick, typically about
0.2-0.5 microns, and is heavily doped with a dopant
such as boron to render it essentially conductive. High
resistivity layer 4 is on the order of about 20-60 microns
thick and has a resistivity in the order of 0.2K ohm-cm.
or greater, with a preferred resistivity range of 0.5-2K
ohm-cm. A thin SiO; gate insulator layer 6, typically
about 0.2-0.3 microns thick, is formed over the high
resistivity layer 4. An n-type microdiode grid 8 is pro-
vided consisting of a phosphorous-implanted n— grid at
the oxide-photoconductor interface. The grid acts to
focus the incoming electrons into the resolution cell
which it defines, as well as to form charge buckets of
the electrons already residing at the Si/S10; interface.
This prevents lateral “spill-over” and consequent
smearing of the charge pattern.

A guard ring 10 is implanted at the edge of the oxide
and adjacent high resistivity layers to prevent periph-
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eral minority carrier injection into the active region.
The implantation dose for the microdiode grid 8 is ap-
proximately 1012-1013 ions/cm?, while a typical implan-
tation dose for the n-type guard ring 10 is about 1013
ions/cm2. The formation of the microdiode grid and
guard ring can be combined together.

Oxide layer 6 is thermally grown after formation of
the microdiode grid and guard ring. This layer consti-
tutes the DC blocking contact to form an MOS configu-
ration, and also activates the implanted dopants in the
guard ring and microdiode array.

A dielectric mirror 12, such as an Si/Si10; quarter
wavelength stack, is next disposed over the oxide layer
6. This is followed by a thin layer of fast response liquid
crystal, such as positive anisotropy liquid crystal with a
45° twist angle, as the light modulating medium. A
transparent indium-tin-oxide (ITO) conductive layer 16
is deposited on a glass or quartz cap 18 which i1s affixed
over the liquid crystal layer as a counterelectrode 16;
the entire structure is assembled within an airtight anod-
ized aluminum holder (not shown).

In past devices a silicon substrate has been used for
the LCLV, with the accompanying non-uniform thick-
ness, poor surface quality and optical distortion dis-
cussed above. The present invention effectively solves
this problem by fabricating the device on a sapphire
substrate 20. Sapphire is generally transparent to optical
radiation in the range of about 0.4-5 microns, which
covers the wavelengths of interest. The terms “optical”
and “light” are used herein to refer broadly to that
portion of the electromagnetic spectrum used with
LCLVs, which may include non-visible areas such as
infrared as well as the visible spectrum. The sapphire
surface upon which back contact 2 is formed is polished
so that it is considerably flatter and smoother than the
thin silicon wafer surfaces typically employed previ-
ously. The back contact 2 provides a high sheet conduc-
tivity to present a very small load to any point in the
device’s cross-section where carriers are generated.
Back contact 2 also helps to obtain a linear operation for
the device, to avoid having the sensitivity and resolu-
tion of the device depend upon the input light level, and
provides a higher output uniformity under dark condi-
tions.

In operation, an input image 22 is applied to the sap-
phire substrate 20 while an AC voltage from source 24
is applied across back contact 2 and counterelectrode
16. The MOS structure refers to the counterelectrode
16 (metal), SiO, layer 6 (oxide) and photoconductor
layer 4 (semiconductor). The device operates in alter-
nating accumulation and depletion phases. In the deple-
tion (active) phase, which last much longer than the
accumulation (inactive or refresh) phase, the high resis-
tivity silicon layer 4 is depleted completely. Electron
hole pairs generated by the input light 22 are swept by
the electric field, producing a signal current which
activates the liquid crystal. The electric field existing in
the depletion region adjacent the Si/SiO3 interface acts
to focus the signal charges and, hence, to preserve the
spatial resolution of the input image. The hiquid crystal
spatially modulates a readout beam 26 which 1s applied
from the readout side of the device through end cap 18,
and is reflected off dielectric mirror 12.

In accordance with the invention, back contact 2 is
epitaxially grown from the sapphire substrate 20. Proce-
dures for preparing the substrate and for performing the
epitaxial deposition are known in the art. For example,

see UU.S. Pat. No. 3,508,962, U.S. Pat. No. 3,546,036, and
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J. C. Bean et al,, “Substrate and Doping Effects Upon
Laser-Induced Epitaxy of Amorphous Silicon”, Journal
of Applied Physics, Vol. 50, No. 2, pages 881-885, Febru-
ary 1979. Desirable crystal orientations are discussed in
U.S. Pat. No. 4,509,990 referred to above.

The epitaxial back contact layer 2 is preferably de- .

posited on the surface of the sapphire by a chemical
vapor deposition (CVD) step. The CVD growth of the
epitaxial layer is preferably performed by the chemical

decomposition of silane (SiHy) in an appropriate reactor
at approximately 910° C. The epitaxial growth is con-
trolled so as to achieve a silicon epitaxial layer prefera-
bly between about 0.1-0.5 micron in thickness within a
growth range of approximately 0.3-2.4 microns/min.,
preferably at a rate of 2.4 microns/min. The mintimum
film thickness must be sufficient to provide a continuous
silicon film having a substantially uniform surface so as
to facilitate further processing of the structure.

After the silicon back contact layer 2 has been
formed, its crystal quality near the sapphire substrate 1s
improved by means of a solid phase recrystallization
technique such as that discussed in U.S. Pat. No.
4,509,990. This technique is illustrated in FIG. 2. An ion
species, preferably silicon, is implanted into the back
contact silicon layer 2, as i1llustrated by arrows 28, at an
implant energy and dosage sufficient to amorphize a
buried layer 30 in the silicon adjacent the sapphire sub-
strate. For a back contact 0.25 micron thick, the corre-
sponding implantation energy and ion dose are approxi-
mately 90 KeV and 23X 1015 ions/cm.2, respectively.

The amorphous buried layer 30 is then regrown to
recrystallized form, using the high quality unamor-
phized portions of the silicon layer further removed
from the sapphire substrate as recrystallization seeds.
Since the crystalline structure in the upper portion of

the back contact does not have nearly the defect density

as the onginal crystal structure adjacent the sapphire
substrate, regrowing the buried layer using the upper
portions of the back contact as seeds results in a re-
grown buried layer with a greatly reduced defect den-
sity. The regrowth can take place over a temperature of
about S00°~-900° C., but a temperature of about 600° C.
is preferred. The recrystallization time increases expo-
- nentially for lower temperatures, while substantially
~ higher temperatures can result in a recrystallization rate
that is too fast and incurs additional crystal defects. The
recrystallization anneal requires from about 30 minutes
to about 3 hours.

The back contact may be doped either before or after
the formation and recrystailization of the buried amor-
phous layer. Once the back contact 2 has been com-
pleted, the bulk silicon layer 4 1s epitaxially grown over
it. The presence of the highly doped ohmic back
contact assists in the growth of the high resistivity sili-
con layer 4, since the back contact acts as an effective
diffusion barrier for impurities emanating from the sap-
phire. A 30 micron thick, 1K ohm-cm. high resistivity
layer 4 will produce sufficient photovoltage across a 2
micron thick liquid crystal layer to provide the neces-
sary phase modulation of a readout beam.

A Schottky diode version of the invention is illus-
trated in FIG. 3. The sapphire substrate 20, thin back
contact epitaxial layer 2, high resistivity silicon layer 4,
dielectric mirror 12, liquid crystal layer 14, counter-
electrode 16 and cap 18 are essentially similar to the
corresponding elements of the MOS device shown in
FI1G. 1. However, instead of the oxide layer 6, microdi-
ode grid 8 and guard ring 10, an insulating layer such as
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a chemical vapor deposited oxide is deposited over the -
bulk silicon layer 4 and etched with a matrix pattern.
The insulating layer may be formed from a light block-
ing or absorbing material such as CdTe. A matrix of
metal pads 32 i1s then deposited within the matrix grid
pattern 34 into which the insulating layer is etched, as
illustrated in FIG. 4. Each of the metal pads 32 is sepa-
rated from the adjacent pads by the intervening insulat-
ing grid 34. The interface between each metal pad 32
and the underlying silicon layer 4 forms a Schottky
diode. |

Dielectric mirror 12 is employed in this application
for near-visible readout applications in which the high
resistivity silicon layer 4 acts as a photoconductor
which is photosensitive to the readout light. Although
the matrix of metal pads 32 will itself act as a mirror to
reflect most of the readout light back through the liquid
crystal, a substantial portion of the readout light will be
transmitted through the insulating medium between
pads and enter the silicon layer 4; the dielectric mirror
12 prevents this from happening. The dielectric mirror
can be omitted for applications in which the readout
beam wavelength will not interfere with the silicon
layer 4. Alternatively, if a light blocking layer such as
CdTe is used, the dielectric mirror 12 can be omitted.

A novel, high resolution LCLV and method of fabri-
cating the same have thus been shown and described. -
While numerous variations and alternate embodiments
will occur to those skilled in the art, it is intended that
the invention be limited only in terms of the appended

claims.

We claim: |

1. A high resolution liquid crystal light valve
(LCLYV) having an input side and a readout side, com-
prising:

a sapphire substrate which is substantially transparent
to optical radiation at the intended operating wave-
length of the LCLYV, said substrate having an input
side adapted to receive input radiation and a sur-
face facing the readout side, said surface being
polished smooth and flat,

a highly doped conductive silicon epitaxial layer less
than about one micron thick forming an ohmic
back contact on the smooth sapphire surface,

a lightly doped, high resistivity silicon epitaxial pho-
toconductor layer on the back contact, said photo-
conductor layer doped to the same polarity as the

“thin silicon layer,

a mirror means on the readout side of the photocon-

ductor layer for reflecting readout light away from

the photoconductor layer, |
a liquid crystal layer on the readout side of the mirror

‘means, and
a transparent conductive counterelectrode on the
readout side of the liquid crystal layer,
the LCLYV operating in response to an applied volt-
age across the back contact and the counterelec-
trode to transduce spatial optical input patterns at
the sapphire substrate to a corresponding spatial
voltage pattern modulating the liquid crystal layer.
2. The LCLYV of claim 1, said mirror means compris-
ing a dielectric mirror, and an insulative oxide layer
between the dielectric mirror and silicon photoconduc-
tor layer, thereby rendering the LCLYV a metal-oxide-
semiconductor (MOS) device.
3. The LCLYV of claim 2, wherein the oxide layer is
within the range of about 0.2-0.3 microns thick.
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4. The LCLYV of claim 1, wherein said high resistivity
silicon layer is in the range of about 20-60 microns
thick.
5. The LCLYV of claim 1, said mirror means compris-
ing a metal matrix mirror consisting of an insulative
layer adjacent the readout side of the high resistivity

layer, and a matrix of metallic material extending .

through the insulative layer and establishing a Schottky
contact with the high resistivity layer.

6. The LCLV of claim 5, said mirror means further
comprising a dielectric mirror on the readout side of the
metal matrix mirror to block readout light from enter-
ing the high resistivity layer.

7. A method of forming a high resolution liquid crys-
tal light valve (L.CLV), comprising:

providing a sapphire substrate which is substantially

transparent to optical radiation at the intended
operating wavelength of the LCLV,

polishing a surface of said substrate smooth and flat,

epitaxially growing a thin layer of silicon less than

about one micron thick on the smooth sapphire
surface,

doping the thin silicon layer sufficiently to render it

conductive,
implanting an ion species into the silicon layer at an
implant energy and dosage sufficient to amorphize
a buried layer portion of the silicon,

regrowing the amorphous buried layer to recrystal-
lized form using the unamorphized portions of the
silicon layer as recrystallization seeds,

epitaxially growing a second layer of silicon on the

conductive silicon layer,

lightly doping the second silicon layer with the same

polarity dopant as the thin silicon layer to a high
resistivity of at least about 0.2K ohm-cm,

forming a mirror means on the high resistivity layer,

forming a liquid crystal layer on the opposite side of

the mirror means from the high resistivity layer,
and

forming a transparent conductive counterelectrode

on the opposite side of the liquid crystal layer from
the mirror means.

8. The method of claim 7, said mirror means compris-
ing a dielectric mirror.

9. The method of claim 8, further comprising the
formation of an insulative oxide layer between the di-
electric mirror and high resistivity layer, thereby ren-
dering the LCLV a metal-oxide-semiconductor (MOS)
device. -

10. The method of claim 7, wherein the mirror means
comprises a metal matrix mirror set in an insulative
layer and contacting the high resistivity layer to form a
Schottky contact therewith.

11. The method of claim 10, wherein the mirror
means further comprises a dielectric mirror on the op-
posite side of the metal matrix mirror from the high
resistivity layer to block readout light transmitted
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through the liquid crystal from entering the photocon-
ductor layer. |

12. The method of claim 7, wherein the high resistiv-
ity second silicon layer is grown to a thickness of about
20-60 microns.

13. The method of claim 7, wherein said second sili-
con layer is doped to a resistivity within the range of
about 0.5-2K ohm-cm.

14. A method of forming a base for a liquid crystal
light valve (LCLYV), comprising:

providing a sapphire substrate which is substantially
transparent to optical radiation at the intended
operating wavelength of the LCLYV,

polishing a surface of said substrate smooth and flat,

epitaxially growing a first thin layer of silicon less
than about one micron thick on the smooth sap-
phire surface,

doping the thin silicon layer sufficiently to render it
conductive,

implanting an ion species into the silicon layer at an
implant energy and dosage sufficient to amorphize
a buried layer portion of the silicon,

regrowing the amorphous buried layer to recrystal-
lized form using the unamorphized portions of the
silicon layer as recrystallization seeds,

epitaxially growing on the first silicon layer a second
layer of silicon thicker than the first layer, and

doping the second silicon layer with the same polar-
ity dopant as the first layer to a high resistivity of at
least about 0.2K ohm-cm.

15. The method of claim 14, wherein the first silicon

layer is grown to about 0.1-0.5 microns thick.

16. The method of claim 14, wherein the second sili-
con layer is grown to about 20-60 microns thick.

17. The method of claim 14, wherein the 1on species
is implanted before the first silicon layer is doped.

18. The method of claim 14, wherein the first silicon
layer is doped before the ion species is implanted.

19. The method of claim 14, wherein said second
silicon layer is doped to a resistivity within the range of
about 0.5-2K chm-cm.

20. A base for a liquid crystal light valve (LCLV),
comprising:

a sapphire substrate which is substantially transparent
to optical radiation at the intended operating wave-
length of the LCLYV, said substrate having a sur-
face which is polished smooth and flat,

a first, highly doped conductive silicon epitaxial layer
less than about one micron thick on the smooth
sapphire surface, and

a lightly doped, high resistivity epitaxial silicon layer
in the range of about 20-60 microns thick on the
first layer and doped to the same polarity as the
first silicon layer.

21. The LCLYV of claim 20 wherein the first silicon

layer is grown to about 0.1-0.5 microns thick.
¥ % ¥ %k %
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